Valvulogenesis is an extremely complex process by which a fragile gelatinous matrix is populated and remodelled during embryonic development into thin fibrous leaflets capable of maintaining unidirectional flow over a lifetime. This process occurs during exposure to constantly changing haemodynamic forces, with a success rate of approximately 99%. Defective valvulogenesis results in impaired cardiac function and lifelong complications. This review integrates what is known about the roles of genetics and mechanics in the development of valves and how changes in either result in impaired morphogenesis. It is hoped that appropriate developmental cues and phenotypic endpoints could help engineers and clinicians in their efforts to regenerate living valve alternatives.
INTRODUCTION
Diseases of the heart valves are often a lifelong struggle as approximately 1% of all Americans are currently living with heart defects acquired during embryonic development. Many of these defects are severely debilitating, necessitating invasive surgery and rigorous pharmacological treatment, while others lie largely undetected until later in life, when earlier than expected tissue failure demands immediate medical attention. The mechanisms by which these tissues fail are largely unknown, but the complex mechanical environment in which they thrive suggests that some deficiency exists in the resident cells' ability to repair damage and/or adapt to changes in haemodynamics (Deck et al. 1988) . By far the most common treatment for damaged valves is replacement with a biological or mechanical prosthetic tailored to the particular conditions of the patient (Hammermeister et al. 2000) . These valves are capable of upwards of 20 years of function, which while satisfactory in elderly patients, is far from ideal for paediatric populations. Recent advances in homograft valve preservation and growing availability of autograft valve procedures have improved the long-term prognosis for children (Sako 2004) , but still more improvement is needed.
Tissue engineering has emerged as a potential way to solve this crisis. By creating autologous cell-based living tissue replacements, the hope is that these surrogates would remodel seamlessly into the patients system with no traces of previous pathology. Recent success in this area has been limited but encouraging (Hoerstrup et al. 2000; Sutherland et al. 2005) . It is clear from these initial results that the complex relationships between mechanical forces and valvular-specific cell biology must be understood before further advancement can be realized. One key scientific interaction that has been lacking in many aspects is collaboration between developmental biologists and engineers. Both of these disciplines share the same goal, that is the eradication of heart and heart valve disease, but have different research foci. While engineers focus more on the identification of candidate scaffolds, cell sources and stimuli, developmental biologists seek to understand how the heart and heart valves develop naturally. The human body is 99% successful in creating normal hearts with functioning valves, but amazingly little of this process and its regulation have been unearthed.
The purpose of this review is, therefore, to summarize what is known about valvulogenesis with particular emphasis on aspects that are relevant to engineer/scientists who seek to reconstruct them. The morphogenesis of these structures is then followed by an analysis of the identified signalling mechanisms, followed by a discussion of what is known about the influence of mechanical forces, and concluded with a discussion of future efforts in valvular developmental biology and connections to tissue engineering.
(a) Valvular morphogenesis
The morphogenesis of the atrioventricular and semilunar valves is a complex process that occurs concomitantly with changing cardiac morphology and haemodynamics. The early embryonic heart is a single tube of endocardial cells surrounded by primary myocardium. During the looping process, the primary myocardium secretes a hyaluronan-rich gelatinous matrix, called cardiac jelly, forming swellings that project into the lumen at the levels of the atrioventricular junction and the outflow tract (OFT; figure 1). A subset of myocardial cells lining these regions then secretes factors that activate the overlaying endocardium. These factors include members of the TGF-b family, including TFG-b1-3 and BMP-2, 4, which is explained in greater detail in a subsequent section. Beginning at Hamburger and Hamilton chick embryo developmental stage 14 (HH14, E9.0 in mouse; Hamburger & Hamilton 1992) , activated endocardial cells downregulate cell-cell contacts ( PECAM1, NCAM1, DS-CAM) and upregulate cell-matrix adhesions (integrins). We have identified three antigens ES130, coding for a ribosomal receptor protein, JB3/ fibrillin and TGF-b3 that are expressed only by activated endocardial cells ( Wunsch et al. 1994; Sinning & Hewitt 1996; Ramsdell & Markwald 1997) . Activated endocardial cells then change from a polygonal quiescent epithelial phenotype to spindle shaped migratory cells and begin to invade the hyaluronan-rich cardiac jelly matrix transforming into a mesenchymal phenotype characterized by the expression of a-smooth muscle actin (Nakajima et al. 1997) . They also digest the hyaluronan and form a denser matrix in its place, which comprises collagens I, II and III, versican and other proteoglycans (Person et al. 2005) . Continued expansion of this mesenchymal population creates the swellings that eventually form valvular and septal structures, dubbed 'cushions' owing to their appearance on the myocardial wall and apparent softness. The cushions extend into the lumen driven by increased mesenchymal cell proliferation and matrix deposition, and appose to help maintain unidirectional blood flow (Moorman & Christoffels 2003) . The originally gelatinous tissue at HH17 becomes significantly more rigid by HH25, but the cell phenotype is still exclusively mesenchymal. The maturation process of the atrioventricular and semilunar valves differs owing to the different end morphology: the atrioventricular valves have tendinous chords while the semilunar valves have free edges. The morphogenesis of each is considered separately.
(i) Atrioventricular valves
The left and right atrioventricular valves, termed the mitral and tricuspid valves respectively, are formed by a series of cushions that line the atrioventricular canal. Initially two cushions are present, one dorsal/inferior and other ventral/superior. Beginning at approximately HH19 (E9.5), a ring of specialized atrioventricular myocardium, characterized by expression of GATA-6 in the original heart forming fields and GIN2 in later stages, surrounds the atrioventricular canal (Kim et al. 2001a; Adamo et al. 2004) . Myocardial protrusions form on the left and right lateral sides of the AV canal, expressing Tbx3 (Moorman et al. 2004) . The AV mesenchyme then expands (probably through a combination of proliferation and migration) around the entire circumference of the AV canal, but thickens preferentially at the protrusions, forming left and right lateral cushions. The fusion of the midline cushions at HH25 divides the AV canal into right and left sides, and different portions of these fused cushions contribute to the resulting AV valves. The dorsal/inferior AV cushion forms the basal portion of the anteroseptal leaflet of the left AV (mitral) valve and the septal leaflet in the right AV valve (tricuspid; De la Cruz & Markwald 2000) . The ventral/superior AV cushion mainly forms the leaflet associated with the mitral-aortic continuity. The mural/lateral cushions form the mural leaflets. The right mural cushion of the chick becomes muscularized (like the conus region of the OT) forming a large muscular flap, while the right AV septal leaflet is only a 'micro-leaflet' (Sedmera et al. 1997) . The right AV valves in the mouse, however, are similar in structure and morphogenesis to the tricuspid valve of the human (Wessels & Sedmera 2003 ).
Formation of the septal and mural atrioventricular leaflets occurs by a process of proliferation, extension, condensation and delamination (figure 1). The AV myocardium forms a fold at its junction with the ventricular myocardium, creating a substrate for the extension of the mural leaflets into the lumen, while the substrate for the septal leaflets is the muscular ventricular septum (the left septal leaflet is not attached to the myocardial wall except at the extreme anterior and posterior edges; Oosthoek et al. 1998) . Beginning at HH26 (E12.5 in the mouse) by a process incompletely understood but potentially similar to the extension of the mesenchyme in limb buds, a proliferative zone in immediately subendocardial portion of the AV cushions expands and extends the cushions along their AV myocardial substrates, mediated by FGF-4 secretion by the endocardium (Sugi et al. 2003) . That portion of the cushions contacting the myocardium substrate forms a progressive zone that begins to differentiate into a fibroblastic phenotype (De la Cruz & Markwald 2000) . This differentiated cushion cell phenotype begins to condense the cushion matrix to form a thinner fibrous tissue. Fenestrations begin to develop in the myocardial layer under the elongating cushions by HH30 (E13.5 in the mouse) through an incompletely understood mechanism potentially due to expansion of the ventricular cavities and/or changes in haemodynamic loading. These fenestrations coalesce, resulting in complete 'delamination' of the AV myocardial/ cushion hybrid valve tissue from the ventricular myocardial wall, maintaining contacts only at the cranial and caudal edges. Additional fenestrations develop within the residual distal/luminal mesenchymal contacts between cushion and myocardium at the site of the developing papillary muscles. This creates mesenchymal tissue strands that develop into the tendinous chords of the AV valves by HH34 (E15; Icardo & Colvee 1995) . By unknown mechanisms, the myocardial tissue of the hybrid AV valves disappears, followed by further condensation into thin fibrous leaflets populated by predominantly fibroblastic cells (de Lange et al. 2004) . Labelling of extracellular matrix throughout development of the AV valves shows that the subendocardial surface of the cushions is largely laminin positive, while the ventricular side is predominantly collagen III (at HH25). The cushion matrix also comprises other collagens (I, II, III, V and VI). Between this stage and HH36 (E15), the laminin-filled subendocardial layer increases in thickness, and a lamellar network of elastin and collagen forms (Hurle et al. 1994) . Underneath this layer remains a largely undifferentiated mesenchymal matrix, with dense fibrous bundles of collagen and fibroblastic cells on the layer bordering the ventricular side of the leaflet. By HH36, these layers become the mature atrialis/ spongiosa, fibrosa and ventricularis of the atrioventricular leaflets. The human mitral leaflet has a large anterior leaflet with a small posterior leaflet, both supported by tendinous chords with multiple orders of branches, supporting leaflet closure like a parachute. The human tricuspid valve is actually a continuous leaflet that encircles the right AV supported by three clusters of chordae (Lamers et al. 1995) .
(ii) Semilunar valves The formation of the semilunar valves progresses along a similar pathway as the AV valves in terms of mesenchymal transformation of the endocardial cells of the distal outflow tract cushions, but instead of delaminating from the muscular walls, the cushions become excavated from the aortic side inward (figure 1). The outflow tract begins as a conically shaped, tubular structure extending from the right ventricle to the opening into aortic sac and is completely enclosed by myocardium. Similar to the AV canal, mesenchymalized cushions form in the lumen of the outflow tract, with two cushions proximal to the right ventricle and three distal cushions. The outflow tract has historically been divided into two regions: the proximal conus and a distal (downstream) truncus, delineated by a characteristic 'dogleg' bend between these two regions of the OT (Webb et al. 2003) . Recent evidence has demonstrated that the outflow tract is developed from a secondary anterior heart field separate from the original heart forming cell fields (Mjaatvedt et al. 2001; Yelbuz et al. 2003) , and this bend may be a demarcation of these lineages. Between HH17 and HH26 (E10-E12), the conal and truncal cushions become invaded and populated by activated endocardially derived cells in a similar manner as in the AV cushions, but the process deviates somewhat once these cushions fuse. Beginning at the level of the fourth and sixth aortic arches (HH30, E13.5), a population of cells derived from the neural crest begins to migrate caudally through the walls of the aortic sac and into the fused truncal cushions, creating a crescent-shaped septal wedge that divides the outflow tract into aortic and pulmonary components (Kirby et al. 1983) . The aorticopulmonary (AP) septum spirals through the OFT lumen with anticlockwise rotation of the outflow tract, so that the right portion of the semilunar ring is derived from the original left side of the primitive outflow tract (Thompson et al. 1987; Bajolle et al. 2006) . Concomitant with the caudal movement of the septum, the myocardial casing 'retracts' through an as yet unknown mechanism. There is evidence of both myocardial apoptosis and myocardial to endocardial differentiation, but there is no clear consensus as of yet (Thompson et al. 1987; Ya et al. 1998; van den Hoff et al. 1999; Rothenberg et al. 2003) . The splitting of the parietal and septal distal truncal cushions by the AP septum, combined with the intercalated cushions of the distal outflow tract, creates the six cushions required for the formation of the semilunar valves. The caudal progression of the AP septum also brings down with it the primitive pulmonary bifurcation and the aortic arches from the aortic sac that is surrounded by vascular smooth muscle and not myocardium (Kirby et al. 1983 ). The process is complete by HH34 (E14.5). Between HH29 and HH33, the endothelium and several subendothelial layers lining the aortic surface of the valves become rounded, apoptotic and flake off the cushion, leaving a small depression (Garcia-Martinez et al. 1991) . The ventricular endothelial surface maintains a flat elongated profile. The tissue of the arterial side of the cusp then becomes a more condensed fibrous matrix as the small depression continues to deepen, sculpting the leaflet cusps. By HH39-40, the leaflets begin to appear trilaminar in nature, with an elastin-collagen lamellar structure forming at the ventricular surface. By HH45, fibrous tissue is seen radiating from the attachment of the valve cusps into the aortic wall from the base to the level of the commissures, creating an anchoring ring of fibrocartilaginous tissue around the sinuses (Garcia-Martinez et al. 1991) . The only difference between the semilunar valves present at birth is the insertion of the coronary ostia into the left and right sinuses of the aortic valve. After birth, increases in aortic blood pressure and a concomitant drop in pulmonary artery pressure cause the further strengthening of the aorta and aortic valve cusps by increasing the number of collagen-elastin lamellae (Colvee & Hurle 1981) . Valvulogenesis: the moving target J. T. Butcher & R. R. Markwald 1491 (b) Cell types involved in valvulogenesis Multiple cell populations are involved in the development of the valves of the heart in addition to the endocardially derived mesenchyme. They are outlined as follows with their currently known roles.
(i) Cardiac neural crest. Pioneering work by Kirby has identified the neural crest as the origin of the AP septum that impales the fused outflow tract cushions (Kirby et al. 1983) . By HH27 (E12.5 in mouse), a significant proportion of the distal outflow tract cushions. Ablation of these cells inhibits the septation of the outflow tract, resulting in a variety of outflow tract defects, including common outlet and transposition of the great arteries (Kirby 1988) . There is currently no evidence that neural crest cells derived from the AP septum contribute to the development of the atrioventricular valves. Fate mapping studies using wnt-1 as a definitive marker of neural crest lineage have determined that no residual neural crest cells persist in the outflow tract (de Lange et al. 2004) . Recent evidence does suggest in mice that melanocytes, a neural crest related cell type, does populate portions of the post-natal inflow and outlet valves , though a functional mechanism has yet to be determined. (ii) Proepicardium. A series of studies have firmly demonstrated that significant numbers of cells from the proepicardium (termed epicardially derived cells 'EPDC') migrate into the atrioventricular cushions and reside at the myocardial/ cushion interface and subendocardial regions (Gittenberger-de Groot et al. 2000) . However, these cells do not appear to contribute to the outflow cushions. Quail-chick chimeras or proepicardial ablations studies limit embryonic viability due to effects upon coronary vasculature and, thus, have failed to clarify the role of the EPDC in mature AV valves (Lie-Venema et al. 2005) . (iii) Dorsal mesocardium. An additional mesenchymal population contributes to AV valves from the venous pole via the remnants of the dorsal mesocardium. This mesenchymal population (spina vestibuli) forms a cap on the anterior surface of the muscular interatrial septum which eventually contacts the fused AV cushions to contribute cells to the developing valves as well as to the closure of the foramen within the muscular atrial septum (Wessels et al. 2000) .
MOLECULAR REGULATION OF VALVULOGENESIS
Much of the research investigating the molecular regulatory events in valvulogenesis focuses on the initial stage (figure 2a), termed 'endocardial to mesenchymal transformation' or EMT. In order for valves to form in the heart, the specific region of endocardial cells lining valve-forming regions undergo a process of activation, migration and invasion into the cardiac jelly. We developed an in vitro assay over 20 years ago where these endocardial regions (and the subadjacent myocardium) can be explanted onto hydrated collagen gels, and the mesenchymal transformation will occur (Bernanke & Markwald 1982 (a) Endocardial to mesenchymal transformation Initiation of mesenchymal transformation involves the coordination of several growth factor-mediated signal pathways originating from both myocardial and endocardial sources. These include VEGF, BMP, TGF-b, EGF and NOTCH. The specific roles of each pathway will be addressed separately (figure. 2b).
(i) VEGF. Vascular endothelial growth factor, initially identified for its role in mediating angiogenesis, is also a critical mediator of EMT. VEGF isoforms are expressed in both the endocardium and myocardium of the AV and OFT valve forming regions in the mouse during the valve forming period (E9-E15; Miquerol et al. 1999) . Research from a number of groups has shown that there is a particularly narrow window of VEGF expression required for proper EMT to occur. While 50% reductions in VEGF expression are lethal at E9.5 in the mouse, two-to threefold exogenous overexpression of VEGF also results in severe cardiac abnormalities and death by E14 (Miquerol et al. 2000) . The cellular source of VEGF is also a determinant of EMT. VEGF secreted from myocardium is an antagonist of EMT, shown by Chang et al. (2004) to be blocked by the transcriptional regulator NFATc1. Deficient myocardial or endocardial NFATc1 expression results in hypoplastic cushions with limited EMT, and similar results occur by blocking calcineurin signalling. The homeobox gene Hhex is also an antagonist of myocardial VEGF expression, disruption of which also results in dramatically reduced EMT (Hallaq et al. 2004) . Experiments in zebrafish, however, show that VEGF receptor signalling is still required for EMT, and is associated with expression of NOTCH1 and BMP-4 ( Lee et al. 2006 ). These results suggest that some basal level of VEGF expression from the endocardium is required for EMT, potentially to maintain endocardial integrity during the transformation process. VEGF acts on endocardium through its receptor Flk-1 to transmit calcium to calcineurin from the endoplasmic reticulum by the IP3 second messenger pathway. Calcineurin then phosphorylates NFATc1-mediated proliferation and PECAM1 (CD31) expression . NFATc1 also upregulates DSCR1, which has been shown to antagonize NFATc1 expression in a potential negative feedback loop . Another critical source of calcium entry into this pathway is mediated through connexin 45 in endocardial cell contacts. The connexin 45 null mutants do not undergo EMT due to inhibited NFATc1 signalling (Kumai et al. 2000) indicating the importance of the latter in regulating EMT.
(ii) Wnt/b-catenin. Wnt/b-catenin signalling, originally identified in Drosophila cell fate determination, was recently shown to be critical for valvulogenesis in zebrafish. Inhibition of Wnt signalling by Dickkopf 1 (Dkk1) overexpression resulted in no EMT, while overexpression of constitutively active Wnt causes excessive cushion formation throughout the endocardium (Hurlstone et al. 2003) . Wnt/bcatenin signalling was shown to be normally restricted to the endocardium above valveforming regions in zebrafish and mouse (Gitler et al. 2003a) , therefore, suggesting that proper expression of this pathway is also critical for valvulogenesis. Controlled inhibition of this pathway is potentially mediated through PECAM1 expressed on the endocardial surface, which can sequester and inactivate phosphorylated b-catenin (Ilan et al. 1999 ). (iii) NOTCH. Notch is another cell fate determining signal pathway expressed in embryonic and postnatal tissues, and is also expressed during mesenchymal and oncogenic transformation. NOTCH1 is expressed in the valvulogenic regions of zebrafish and mouse endocardium, and induces EMT by a selective induction of the TGF-b signalling pathway through transcription factor snail repression of endothelial markers ( VE-cadherin, TIE, TEK and PECAM1), upregulation of mesenchymal markers (a-SMA, PDGFR and fibronectin), which results in an activated and destabilized endocardium that transforms to mesenchyme ( Timmerman et al. 2004) . Constitutive activation of NOTCH1 results in hypercellular valves, with disruption of NOTCH signalling causing no EMT to occur. Activation/repression of the NOTCH receptor Jagged-1 ( Jag1) gives similar results (Noseda et al. 2004) . Another NOTCH ligand, Dll4, is expressed by developing endothelium and has been shown to repress VEGF signalling by downregulating receptor activity ( Williams et al. 2006) . Dll4 expression may therefore serve as a negative feedback loop to control endocardial VEGF expression during EMT.
(iv) BMP. In addition to their osteogenic properties, bone morphogenetic proteins are important mediators of early valvulogenic events. Several BMPs are expressed in the heart through development, two with particular expression patterns and functions in valvulogenic regions: BMP-2 and BMP-4 (Abdelwahid et al. 2001) . Both have similar functions, but different regions of action; BMP-2 at the atrioventricular canal and BMP-4 in the outflow tract. Before the onset of EMT, these proteins are expressed in the myocardium. In vitro assays using both chick and mouse AVexplants show that myocardial BMP-2 expression (and probably BMP-4 in the OFT) is necessary and sufficient to induce endocardial transformation (Sugi et al. 2004) . BMP-2 activates BMP-RI/RII receptor heterodimers, phosphorylates smad1/5, which coupled with smad4 drives transcription of mesenchymal differentiation (increased a-SMA, decreased VE-cadherin; Chen & Massague 1999) . Although BMP-4 null mice die before onset of valve formation (Winnier et al. 1995) , inhibition of BMP signalling through noggin results in complete inhibition of EMT (Sugi et al. 2004) . Defects in BMP receptors are either similarly lethal or result in inability to form outflow tract valves, suggesting that BMP signalling may be more significant for outflow tract valves (Delot et al. 2003) . While knockouts of other BMPs are relatively benign, a double knockout of BMP-6 and BMP-7 results in similar deficiencies in outflow tract valve development, suggesting compensation between BMPs ( Kim et al. 2001b ). (v) TGF-b. BMPs are part of the transforming growth factor beta superfamily. TGF-b ligands are mediators of many important physiological and pathological cellular differentiation events. TGF ligands are expressed in the heart during development, but there are subtle differences between chick and mouse embryos. TFG-b2 and TGF-b3 are expressed in chick , while TGF-b1 and TGF-b2 are expressed in mouse ( Millan et al. 1991 ).
Antagonists to TGF-b2 and TGF-b3 show that they play distinct but complementary roles in regulating the initial transformation events in chick (figure 2a). Endocardial TGF-b2 expression is required for cell separation and hypertrophy, while TGF-b3 signalling is required for mesenchymal transformation and migration . TGF-b3 induces expression of MMP-2 and MT-MMP, which digest the collagen IV endocardial matrix, permitting invasion (Song et al. 2000) . TGF-b2 is secreted from both the myocardium and endocardium in chick, but TGF-b3 is secreted by the endocardium in an autocrine manner upon induction by BMP-2 and TGF-b2 Nakajima et al. 2000) . TGF-b binds heterodimers of type II (TBRII) and type III (TBRIII) receptors in both chick and mouse endocardium, and antisera to these receptors Valvulogenesis: the moving target J. T. Butcher & R. R. Markwald 1493 blocks EMT in these models (Brown et al. 1996; Brown et al. 1999) . TGF-b2 in the mouse has been shown to activate mesenchymal transformation through phosphorylation of smad2/3 (figure 2b), which then activates transcription through snail/slug (Romano & Runyan 2000) or by complexing with smad4 (Greene et al. 2003) . (vi) Extracellular matrix. The cardiac jelly underlying the valvulogenic endocardium comprises the glycosaminoglycan hyaluronan (HA) primarily. HA is an important extracellular matrix component in both valvulogenesis and tumorigenesis due to its ability to induce cell signalling ( Toole 1997) . The majority of the hyaluronan in the cardiac jelly is secreted by the myocardium, a process involving UDP-glucose dehydrogenase (UGDH) and hyaluronan synthase 2 (Walsh & Stainier 2001) . Digestion of cultured embryos with hyaluronidase (Baldwin et al. 1994) or disruption of hyaluronan synthesis results in no cushion formation, but could be restored with the addition of exogenous HA (Camenisch et al. 2000) . Additionally, disruption of Ras activation causes a similar phenotype, and expression of constitutively active Ras can rescue EMT in Has2 null explants. HA in valvulogenesis activates Ras through the phosphorylation of heterodimeric ErbB receptors, which is also achieved by exogenous treatment of heregulin, which restores EMT in Has2 null explants (Camenisch et al. 2002) . The proteoglycan versican may also be involved in this extracellular signalling pathway, as versican null mice do not make valvular cushions (Mjaatvedt et al. 1998) . Versican serves as a linking protein between hyaluronan and collagen, and may therefore play a critical structural role in the cardiac jelly. The precise role of versican in valvulogenesis, however, remains to be determined.
POST-EMT CUSHION VALVULAR MATURATION
The fully mesenchymalized cushions that act as primitive valves during early cardiogenesis are in no way sufficient as functioning valves in the mature heart. As described before, mature valves are thin fibrous leaflets with largely fibroblastic cells entombed in a highly organized matrix. The process by which these cushions differentiate into valves is largely unknown, but recent mutant mouse models have revealed important signal pathways that are involved (figure 3). Mouse embryos survive for only a few hours in culture after E12, limiting their use for more controlled ex vivo manipulation (Kubalak et al. 2002) . Chick embryos, on the other hand, are readily available, and the maturation of the left AV valve and semilunar valves closely parallels those of humans. Many of the same factors that initiate valvular formation are also involved in its termination, but cross-talk and feedback loops between these pathways are probably responsible for normal valvular maturation. For clarity, the roles of each individual pathway and their connections will again be addressed separately.
(i) FGF. Continued invasion and proliferation of the transformed mesenchyme are controlled at least in part by growth factor signalling from the endocardium. Recent evidence implicates fibroblast growth factor-4 (FGF-4) in mediating this process. FGF-4 is present in mesenchymal cells during avian cushion morphogenesis, as well as FGF receptors 1, 2 and 3 (Sugi et al. 2003) . Retroviral overexpression or exogenous addition of FGF-4 resulted in abundant mesenchymal proliferation as indicated by BRDU staining both in vitro and in vivo. FGF-induced mesenchymal proliferation continues to the end of valvular maturation (HH36). FGF-2 has also been shown to inhibit apoptosis of cushion mesenchyme (Zhao & Rivkees 2000) . These results suggest that FGF signalling promotes mesenchyme proliferation throughout valvular development and maturation. (ii) VEGF. VEGF expression is markedly increased in the endocardium and cushion mesenchyme after the onset of EMT (E9.5) but is expressed only in the endocardium by E14.5. In addition to its previously described roles, VEGF signalling induces endocardial/endothelial cell proliferation in adult valves mediated by activation of transcription factor NFATc1 . By using inhibitors of NFATc1 or calcineurin, Chang et al. (2004) determined that a field of endocardial NFATc1 expression is necessary for proper elongation and condensation of cushion mesenchyme into thin leaflets, and blocking this expression results in persistent rounded hypercellular cushions. Coupled with the fact that high levels of VEGF expression correlate with a lack of mesenchymal transformation (Dor et al. 2001) , these results suggest that endocardially expressed VEGF may act through NFATc1 to induce endocardial proliferation necessary to accommodate the dramatically increasing leaflet surface area while inhibiting mesenchymal proliferation. (iii) BMP. BMPs are expressed in valve mesenchyme during the elongation process (BMP-2 in AV region, BMP-4 in the outflow tract). In addition to promoting mesenchyme formation through smad1/5 signalling, BMP2/4 expression correlates with apoptosis in the maturing valves (Abdelwahid et al. 2001) , but a mechanism for this has not been determined. (iv) TGF-b. Transforming growth factor beta signalling in the maturing valve is one of the more confusing, because both pro-and anti-proliferative responses have been reported. TGF-b2 deletion results in thickened hypercellular valves among other cardiac defects, and this phenotype is not mimicked by either TGF-b1-/-or TGFb3-/-mice (Sanford et al. 1997) . TGF-b2 ligands bind to TGF-b receptors II and III and modulate mesenchymal cell response depending on how it complexes with additional activin-like kinase (ALK) receptors (Desgrosellier et al. 2005) . TGF-b2 stimulates proliferation and migration through complexing with Alk1 or Alk2 (which also interact with BMP receptors) and activating the smad1/5 transduction pathway, potentiated by Id1 (Goumans et al. 2002) . The inhibition of proliferation and migration by TGF-b2 were determined through receptor complexing with Alk5 and activation of smad2/3, potentiated by PAI-1 (Lai et al. 2000) . The transition between these two pathways may be mediated by GIPC (GAIP-interacting protein, C terminus), which has been shown to enhance TBRIII sensitivity to TGF-b signalling, promoting the PAI-1-mediated inhibition of proliferation (Blobe et al. 2001) . Additional evidence supports a dose response mechanism by which low levels of TGF-b2 activate proliferation via smad1/5, while higher levels inhibit proliferation through the smad2/3 pathway (Goumans et al. 2002) . Taken together, these results suggest that increasingly greater TGF-b2 expression is required during the later stages of valvulogenesis to ensure appropriate reduction in mesenchymal proliferation. (v) EGF. Epidermal growth factor signalling, while not a significant regulator of initial EMT, is a significant mediator of valve maturation. EGF is both secreted and released from matrix bound forms, such as HB-EGF (Iwamoto et al. 2003) , through proteases like TACE/Adam17 (Jackson et al. 2003) . EGF binds to a heterodimeric receptor containing EGF and ErbB receptor partners. Binding-induced phosphorylation also activates the tyrosine phosphatase shp2, which in turn signals ERK-mediated inhibition of proliferation by a Ras-specific pathway (Araki et al. 2004 ). Disruption of HB-EGF, TACE/Adam17, EGFR, ErbB2 or ErbB3 all result in thickened hyperplastic valves that contain overabundant mesenchyme proliferation but are defective in maintaining unidirectional blood flow (Erickson et al. 1997; Chen et al. 2000; Jackson et al. 2003) . A similar phenotype is observed with constitutively active Ras or shp2 (Chen et al. 2000) . Deletion of phospholipase C-epsilon, downstream of Ras, also results in hyperplastic valves, but with a concomitant increase in BMP signalling through smad1/5 (Tadano et al. 2005) . Indeed, ERK phosphorylation specifically inhibits smad1 accumulation in the nucleus (Kretzschmar et al. 1997) , suggesting that the expression of these pathways maintains a well-controlled balance during valvular maturation with ERK-mediated cessation of proliferation and apoptosis required. An additional feedback loop of this pathway is achieved through neurofibromatosis 1 (NF1), which regulates the dephosphorylation of Ras. Deletion of NF1 causes elevated Ras levels, resulting in overabundant mesenchymal cushions due to increased proliferation and a lack of apoptosis (Lakkis & Epstein 1998) . AV explants from NF1-/-mice also have greater nuclear localization of NFATc1, suggesting that elevated Ras may also effect VEGF signalling though NFATc1 (Gitler et al. 2003b) . Additional growth factor signalling through EGF receptors is achieved by neuregulin and insulin growth factor-1. Combined treatment of Neur-1 and IGF-1 in AV explants induced mesenchymal proliferation via PI 3-kinase and Rac1 (Hertig et al. 1999) . Competition for EGF receptors by EGF and Neuregulin may account for yet another feedback loop for valvular maturation.
DELAMINATION/MATURATION OF THE ATRIOVENTRICULAR VALVES-THE PERIOSTIN HYPOTHESIS
Critical steps in the development of the atrioventricular valves that have yet to be elucidated are how the atrioventricular valves delaminate from the ventricular walls and why cushion cells differentiate only into fibroblastic and myofibroblastic cells. We have previously shown that cushion mesenchyme can differentiate de novo into myocardial cells consistent with the presence of sarcomeric protein expression of some interstitial cells in adult valves (van den Hoff et al. 1999) . High-density (pooled 20 or more AV canals) cultures of HH26 AV cushion cells can also differentiate into cartilaginous cells expressing type II collagen, which can be inhibited by conditioned medium from low-density cultured cushions ( figure 4a,b) . Additionally, valves from smad6 null mice exhibit cartilage, bone and pockets of bone marrow in the leaflets (Galvin et al. 2000) . Some secreted protein must be responsible for the inhibition of this tendency to form cells of myocardial or osteo/chondral lineage.
To identify possible transcripts involved in post-EMT valve remodelling, we conducted a microarray comparison of E10.5 mouse hearts and whole embryos, and found several robustly expressed genes in the heart, one of which was periostin, related to the Drosophila fasciclin gene family. In situ hybridization and immunohistochemistry have shown abundant expression of periostin in the atrioventricular cushion mesenchyme, with strong staining at the subendocardial layer and at the cushion myocardial interface in both the inflow and outflow cushions (Kruzynska-Frejtag et al. 2001; Norris et al. 2004; Kern et al. 2005; figure 4c,d ) . Expression continues through the delamination period, with staining on both sides of the fenestrating myocardium. By HH 34 (E15 in the mouse), prominent expression is found in the tendinous chords, with fibres anchoring into the papillary myocardium and extending into the leaflets. This expression pattern puts periostin at 'the scene of the crime' of cushion delamination. Periostin has been previously identified at sites of mesenchymal stem or 'blast' cells that have the potential to form bone but do not so long as they reside in a periostin-rich matrix (Horiuchi et al. 1999; Kruzynska-Frejtag et al. 2004) . Periostin is also highly expressed in preosteoblastic cell lines (e.g. MC3T3) cells, but the expression is downregulated once the cells are induced to form bone or cartilage (Litvin et al. 2004) . These results suggest, therefore, that periostin may be the secreted protein that may be responsible for these critical processes. Periostin primarily may act to enhance or maintain a fibroblastic cell lineage, and therefore inhibit myocardial and/or osteochondral differentiation. To test this hypothesis, additional high-density cushion cell cultures were infected with a periostin overexpressing virus and remained mesenchymal (figure 4e). These were then treated with abnormally high concentrations of BMP-2, which resulted in almost a complete downregulation of periostin expression (figure 4 f ). These results show that periostin expression is consistent with a fibroblastic phenotype, and loss of this expression results in the enhancement and/or persistence of myocardial, chondrogenic and osteogenic phenotype. Further experiments will help confirm this hypothesis.
MECHANICS AND VALVULOGENESIS
The embryonic heart is lined continuously with endocardium that may sense and responds to changing haemodynamics, but this remains a vastly understudied area. Scanning electron microscopy of excised hearts shows prominent endocardial cell alignment with the direction offlow at particular areas of the heart such as the atrial floor entering the atrioventricular canal (Icardo & Colvee 1995) . Additionally, ligation of a vitelline vein alters the endocardial cell alignment in the atria near the point of venous entry. Experiments with adult valvular endothelial cells show that these cells align perpendicular to flow, potentially complicating the relationship between haemodynamic flow direction and endocardial cell alignment (Butcher et al. 2004) . Adult ventricular endocardial cells exposed to controlled shear stresses respond with vasoactive prostaglandin secretion (Hanada et al. 2000) . Three genes noted for vascular haemodynamic regulation, endothelial nitric oxide synthase (eNOS), kruppel-like lung factor (KLF2) and endothelin-1 (ET-1) have also been profiled through cardiac development (Groenendijk et al. 2004) . eNOS and KLF2 are colocalized in regions of narrowed cardiac lumens, potentially indicative of high wall shear stress. ET-1, on the other hand, was expressed preferentially at sites corresponding to lower wall shear stresses. Complementary expression of these genes along the same cardiac circumference suggests highly localized endocardial cell response to haemodynamics. Changes in the expression patterns of these genes was clearly evident by vitelline vein ligation (Groenendijk et al. 2005) , further suggesting that endocardial cells can sense localized changes in haemodynamics and respond with transcriptional changes.
The most explored endocardially mediated phenomenon is the development of the heart valves, which raises the question: Does haemodynamics regulate valvulogenesis? This question has received very little attention in the past, but recent evidence suggests that this question is more complicated than it sounds. Occlusion of the primitive cardiac tube at the inlet or outlet results in disrupted valvulogenesis and cardiac dysfunction, with wall shear stresses approximately 10-fold less than normal (Hove et al. 2003) . Unfortunately, the myocardial wall was also severely affected by the occlusion, making it difficult to separate the endocardial and myocardial effects. Another study by Bartman et al. (2004) determined a lack of endocardial cell formation at the atrioventricular canal in zebrafish when myocardial contractile proteins are defective. Pharmacological impairment of myocardial function determined a range of impaired myocardial function that results in no endocardial ring formation. No haemodynamic assessments were conducted on these embryos to determine whether or not flow was present, thus the same difficulty persists. Endocardial cell formation occurs in chick and mice regardless of valvular development, suggesting that this step in valvulogenesis is specific only to zebrafish (Walsh & Stainier 2001) . However, mice deficient in erythrocyte tropomodulin (E-Tmod) also have no ventricular contraction (but they do have atrial contractions) and an apparent inability to establish blood flow (Sibilia et al. 2003) . These mice die at E10.5, which is after the initiation of valvulogenesis, but it is unclear to what degree mesenchymal transformation is impaired. To further complicate matters, several mutant mouse models with absent valvulogenesis such as NFATc1-/-appear to have normal contraction patterns (Phoon et al. 2004) . Furthermore, many of the factors directly responsible for the initiation of mesenchymal transformation (VEGF, BMP, TGF-b, NOTCH) have been demonstrated to be regulated by both shear stress and mechanical strain (Butcher & Nerem 2007) in adult endothelial cells. These results suggest that both cell strain and fluid shear stress have the capability to induce the expression of factors leading to mesenchymal transformation. More controlled in vitro experiments are required to appropriately separate the contributions of these factors in order to understand their unique contributions.
Mechanical forces may also play a role in the remodelling of the primitive valvular cushions into fibrous leaflets. Endothelial changes with the formation of the semilunar valves show striking correlation to changes in local haemodynamics, suggesting that haemodynamics may regulate the excavation of these cushions (Colvee & Hurle 1983) . Haemodynamic changes associated with conotruncal banding in chick result in persistant right atrioventricular cushions, suggesting impaired myocardialization of these cushions (Sedmera et al. 1999) . Mechanical inhibition of the impalement of the outflow tract into the interventricular groove results in hyperplastic inflow and outflow valve cushions (Colvee & Hurle 1983) . It is unclear what effects-specific changes in flow have because neither of these models has been quantitatively characterized. These results demonstrate that mechanical forces play an important, but as yet undetermined role in this process, and further studies will help reveal these functions.
CONCLUSIONS
Valvulogenesis occurs under a continuous onslaught of fluid shear stress and mechanical strain. The changing shape of the heart and extension of the valves into the flow field suggests that these forces are playing a critical role in this process, but much more work needs to be done. What is becoming more appreciated is that changes (increases) in tissue stress correlates with growth and mechanical strengthening. Primitive valvular cushions begin as poorly organized isotropic swellings of undifferentiated mesenchymal cells, much like the initial makeup of engineered tissue constructs. Mechanical conditioning paradigms have shown results in 'maturing' this tissue, but these exercise regimes have not been based on any developmentally relevant scheme. In fact, many of these studies focus on engineering adult valve structure and then strengthen them through mechanical conditioning. An approach that has been paid far less attention is to instead create immature developmental tissue and stimulate maturation by using the monotonically increasing embryonic haemodynamic regime reviewed here. Preliminary evidence suggests that embryonic cushions can remodel in a haemodynamic environment, lengthening into the lumen, even contacting the opposing surface (Goodwin et al. 2005) . One major concern that will need to be overcome for the success of engineered valvular tissue is a cell source. Endocardially derived cushion mesenchyme has the potential to differentiate into cartilage, bone and muscle, but usually becomes largely fibroblastic. While one study suggests the feasibility of achieving useful cell numbers by tricuspid valve biopsy, the potential to damage this valve in the process mitigates the effectiveness of this technique. Immune response limitations suggest that an autologous cell source is needed. Stem and precursor cells have been identified in many tissues, and recently we discovered that approximately 10-20% of the cells that make up adult valves come from haematopoetic origins ( Visconti et al. 2006) . This suggests that stem cells may be able to repopulate valvular tissues and recapitulate valvular cell phenotype. What is unknown is what point along the continuous spectrum of valvular cell phenotype is to be targeted and how to stimulate appropriate mature phenotype.
In summary, engineers and clinicians could well benefit from the information that developmental biologists bring to the table in their pursuit of cardiac and valvular cell regenerative strategies. The continued understanding of how valves mature embryonically can be fed to engineers as they design new scaffolds and stimulation regimes that mimic this proven system. Results from animal implant models and manipulated embryo models can be compared together to find common pathways. Together, the future goal offunctional living valve regeneration can be realized sooner.
All studies using mice were performed using protocols approved by institutional review boards and the research facilities are all IACUC approved. Studies using chick embryos were all performed prior to embryonic day 14, and are therefore exempt from institutional review.
